Relaxation-expansion model for self-driven retinal morphogenesis: A hypothesis from the perspective of biosystems dynamics at the multi-cellular level by Eiraku, Mototsugu et al.
Insights & Perspectives
Relaxation-expansion model for
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A hypothesis from the perspective of biosystems dynamics at the multi-cellular level
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The generation of complex organ structures such as the eye requires the intri-
cate orchestration of multiple cellular interactions. In this paper, early retinal
development is discussed with respect to the structure formation of the optic
cup. Although recent studies have elucidated molecular mechanisms of retinal
differentiation, little is known about how the unique shape of the optic cup is
determined. A recent report has demonstrated that optic-cup morphogenesis
spontaneously occurs in three-dimensional stem-cell culture without external
forces, indicating a latent intrinsic order to generate the structure. Based on
this self-organizing phenomenon, we introduce the ‘‘relaxation-expansion’’
model to mechanically interpret the tissue dynamics that enable the spon-
taneous invagination of the neural retina. This model involves three consecu-
tive local rules (relaxation, apical constriction, and expansion), and its
computer simulation recapitulates the optic-cup morphogenesis in silico.
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Introduction
During early embryogenesis, the retinal
primordium arises from the rostral-
lateral part of the diencephalon [1].
The monolayered retinal neuroepithe-
lium evaginates laterally from the dien-
cephalic wall to form an optic vesicle
(Fig. 1). The distal portion of the vesicle,
which is geometrically in contact with
the surface ectoderm, is fated to become
the neural retina (NR; sensorial tissue),
while the proximal portion later differ-
entiates into the retinal pigment epi-
thelium (RPE; supporting tissue of the
NR). The optic vesicle then invaginates
at its distal portion to form a two-walled
cup-like structure, the optic cup, with
the NR and RPE being the inner and
outer walls. At the same time as this
infolding of the NR, the surface ecto-
derm adjacent to the retina also invagi-
nates and develops into the lens vesicle,
while the rest of the surface ectoderm
near the lens becomes the corneal epi-
thelium. During this process, neural
crest-derived head mesenchymal cells
accumulate in the periocular space [2].
Thus, early eye development involves
several simultaneous events that take
place within a tiny space in the embry-
onic head.
Eye formation has been a favorite
topic in experimental embryology for
many decades. For instance, lens induc-
tion from the surface ectoderm by the
NR is a well-known subject of embryol-
ogy giant Hans Spemann [3–5]. In
addition to Spemann’s ablation studies,
Lewis elegantly presented the same
principle in his ectopic graft study of
optic vesicles in frogs [6]. On the other
hand, the lens-inducing activity of the
optic vesicle is not likely to drive all the
events, and the responding ectoderm
also needs to have a certain lens-form-
ing competence. In Spemann’s exper-
iments using the frog neurula
(Bombinator), lens formation was
induced from a graft of head ectoderm,
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sbut not of trunk ectoderm, by the optic
vesicle [5].
Mechanism of optic-cup
formation: A long-standing
debate
Since the time of Spemann, the mech-
anism of eye-cup formation has been a
matter of debate; many controversial
models have been presented, in particu-
lar, regarding the necessity of non-
retinal tissues, such as lens, surface
ectoderm, or periocular mesenchyme.
Importantly, when Spemann trans-
planted the trunk ectoderm in
Bombinator, although no lens formed
near the retina, the optic vesicle often
still developed into the optic cup,
suggesting that the optic cup could form
without the concomitant generation of
lens tissues in the adjacent space. This
ﬁnding argued against the idea that the
lens physically pushes the NR to bend
inwards. However, these transplan-
tation studies, including Spemann’s
lens-induction experiments, received
substantial criticism at the time, and
were challenged with contradicting
results [3]. Spemann answered these
criticisms by attributing such discrepan-
cies to differences in conditions, includ-
ing animal species. Some of these
intriguing arguments can be read in
his monograph of 1938 [5].
Since the classic embryology era,
many embryologists have sought to
understand the mechanism of coordi-
nated eye-cup formation and its relation
to neighboring tissues, including the
lens, periocular mesenchymes, cornea
and surface ectoderm, and diencepha-
lon [7–9]. Some studies using chick and
mouse embryos have suggested that the
surface ectoderm and its derivates (e.g.
lens) play roles in optic-cup formation
[10–12],whileothers haveindicatedthat
the surface-ectoderm derivates, at least
the lens, are not essential for NR inva-
gination [13]. This argument is quite
complex and requires careful consider-
ations. For instance, the lens-speciﬁc
depletion of Pax6 causes severe defects
of both lens and optic-cup invagina-
tions. However, this may not be simply
the matter of direct mechanical inter-
actions,sincethelens-speciﬁcdepletion
of Pax6 also substantially affects the
cellular properties of the retina in a
non-cell-autonomous fashion [14].
Another intriguing study reported that
contractile ﬁlopodia of lens epithelium
tether lens and NR during lens invagi-
nation; however, loss of these ﬁlopodia
increases the gap between the two epi-
thelia, suggesting that pulling forces,
rather than pushing forces (which could
facilitate NR’s invagination), are medi-
ated by these connections [15].
Recent studies using zebraﬁsh and
medaka, whose transparent embryos pro-
vide a great advantage for live imaging,
have revealed detailed information about
the cell behaviors occurring during eye
formation. The formation of the optic
vesicle in teleosts is qualitatively different
from that in mouse and chick embryos;
for instance, instead of evaginating as in
the mouse, ﬁsh retinal progenitor cells
individually migrate out laterally from
the neural tube and form a vesicle by
local epithelialization [16]. The depend-
ence of the NR invagination on sur-
Figure 1. Early eye development. Schematic
of early mammalian eye development. The
optic vesicle forms as an epithelial sac eva-
ginating laterally from the rostral dience-
phalic wall. The distal portion of the vesicle
subsequently invaginates and becomes the
neural retina (NR). By the evagination and
invagination of the retinal epithelium, a
double-walled cup structure (optic vesicle) is
formed with the inner and outer walls being
the NR and retinal pigment epithelium. At
the same time, the surface ectoderm adja-
cent to the optic vesicle is fated to become
a lens placode by inductive signals from the
retinal progenitors, and then invaginates to
form a lens vesicle. Upper panels, nuclear
staining of cross-sectioned mouse embry-
onic heads.
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srounding tissues, however, has remained
rather elusive in ﬁsh, as well [7].
The optic cup can form in
a self-organizing manner
in vitro
The dynamic processes that form the
optic cup occur in a small space and
complex environment affected by many
neighboring tissues. Therefore, it is
inevitablydifﬁculttodeterminewhether
the effect of an experimental manipula-
tion in vivo (e.g. ablation) is direct or
secondary. With this in mind, we sought
to address this question by introducing
an in vitro embryonic stem cell (ESC)
culture system, which successfully
reduced the complexity of this organo-
genetic process down to the internal
control of epithelial morphogenesis.
Recent progress in ESC research has
enabled the in vitro differentiation of
neural and retinal progenitors as well
as their derivatives [17–20]. When cul-
tured in medium containing minimal
extrinsic growth-factor signals, ESCs
undergo selective neural differentiation
in amanner dependent on the transcrip-
tion factor Zfp521 [21]. These ESC-
derived neural progenitors adopt the
rostral forebrain fate (positive for Six3
[22, 23]) as a default fate, unless they are
cultured in the presence of extrinsic
caudalizing factors such as Wnts and
Fgf [24–26].
Floating aggregate culture of ESCs
has the advantage of mimicking tissue
formation in a three-dimensional (3D)
context, and an efﬁcient method for ros-
tral forebrain differentiation is SFEBq
culture (serum-free ﬂoating culture of
embryoid body-like aggregates with
quick reaggregation) [25, 27, 28]. To start
this culture, a ﬁxed number of dissoci-
ated ESCs (e.g. 3,000 cells for mouse
ESCs) are reaggregated in each well of
a 96-well plate that has a special surface
coating for blocking cell-plate adhesion
(Fig. 2A), and are cultured as a ﬂoating
aggregate in serum-free medium.
During the next few days, the ESCs ﬁrst
differentiate into epiblast cells (post-
implantation pluripotent cells with epi-
thelial properties) [21], and then the
initially homogenous cell mass trans-
forms into a hollow ball of single-lay-
ered epithelium [27, 28].
Efﬁcient retinal differentiation occurs
when SFEBq aggregates of mouse ESCs
are cultured under low growth-factor
conditions in a medium containing
extracellularmatrixproteins(matrigel)
[28]. The addition of matrigel, whose
major component is laminin, also
appears to be advantageous for rein-
forcing the formation of basement
membrane on the surface of the aggre-
gate [29]. When cultured under these
conditions, parts of the hollow neuro-
epithelial ball (usually, one to several
patches per ball) start to express the
retina marker Rx [30], on days 4-5
(Fig. 2B). On days 6-7, these Rx
þ retinal
epithelia evaginate to form vesicles.
Then, during the next two days, the
distal portion of each vesicle spon-
taneously invaginates, resulting in
the formation of a double-walled cup
structure reminiscent of the optic cup
(Fig. 2C) [28]. In addition to having the
right shape, the inner wall expresses
NR markers such as Chx10, while the
outer wall differentiates into RPE.
Consistent with the in vivo topology,
the inner side of the ESC-derived NR
epithelium is apical (Fig. 2B, red lines).
RPE differentiation is caused by
s o l u b l es i g n a l sf r o mt h en e i g h b o r i n g
non-retinal neuroepithlium, which
are likely to include Wnt factors [31–34].
The retinal progenitors in the NR
undergo a characteristic interkinetic
nuclear migration [28] as seen in vivo
[35]. When ESC-derived neuroectoderm
(NE) is isolated and cultured in retinal
maturation medium, it generates a fully
stratiﬁed NR structure with properly
arranged layers containing six cell types
in two weeks [27]. This self-forming
nature of NR stratiﬁcation may be con-
sistent with previous studies showing
that a reaggregate of retinal stem cells
has an ability to generate a laminated
sphere [36, 37].
Importantly, throughout the process
of optic-cup formation in ESC culture,
no lens or surface ectoderm is formed,
and no substantial accumulation of
mesenchyme is observed near the
retina. Furthermore, an optic-cup struc-
ture can form when an optic vesicle is
isolated from the SFEBq aggregate and
cultured in Wnt-containing medium
(which supports RPE differentiation)
[28]. These observations strongly dem-
onstrate that optic-cup formation in
vitro occurs in a self-organizing fashion
without physical inﬂuences from exter-
nalstructuressuchasthelensorsurface
ectoderm.
What are the mechanics
driving optic-cup
morphogenesis in the
epithelium?
If the optic vesicle is not forced to
deform by external tissues, how does
it transform into a cup structure by an
internal mechanism? According to
reproducible observations in detailed
3D live imaging using multi-photon
optics, the invagination process of the
NR in mouse ESC culture can be divided
into four morphological phases (Fig. 3)
[28]; similar stepwise changes in
morphology are also seen in vivo [38].
On day 6 of culture, the evaginated Rx
þ
vesicle is hemispherical in shape and
consists of uniform columnar epi-
thelium (Phase 1). Around day 7, the
presumptive NR at the distal portion
of the vesicle becomes ﬂattened
(Phase 2).Subsequently, thejoint region
(hinge) between the NR and RPE
domains undergoes apical constriction,
and the apical angle of the hinge region
becomes acute (Phase 3). During days 8-
9, the NR epithelium progressively
expands and invaginates as an apically
convexstructure(Phase4).Duringthese
phases, the NR portion becomes a
pseudo-stratiﬁed epithelium consisting
of radial glia-like cells. The cells at the
hinge region, which initially show a
simple columnar morphology, trans-
form into an apically narrow wedge
shape upon the apical constriction at
Phase 3.
At Phase 2, the initially homo-
genous-looking retinal epithelium ﬁrst
shows at least three region-speciﬁc
differences. First, the curvature of the
distal portion becomes ﬂatter than that
of the proximal portion. Second, the
distal portion begins to express the NR
marker Chx10 [39, 40], indicating that
its differentiation is proceeding toward
the NR fate. Third, the activation level of
myosin, indicated by the accumulation
of phosphorylated myosin light chain 2
(pMLC) [41, 42], is substantially
decreased in the presumptive NR
(immunostaining pictures in the middle
row of Fig. 3). The low pMLC level in the
.....Insights & Perspectives M. Eiraku et al.
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2-4 (also observed in the developing
mouse retina [28]).
In contrast, a strong accumulation
of pMLC is observed homogeneously in
the Phase 1 epithelium. This condition is
considered to cause high tension in the
actomyosin system within the optic
vesicle. Rho kinase [Rho-dependent
coiled-coil kinase (ROCK)] is known to
regulate the pMLC levels for tension
control within the epithelium in various
cases [41, 42]. Accordingly, treatment
with a ROCK inhibitor expands the size
of the Phase 1 vesicle by relaxation.
Importantly, the mechanical rigidity of
the Phase 1 epithelium, as measured by
an atomic force microscope (AFM)-
based elasticity assay [28, 43, 44], is
homogenously high, and this rigidity
is substantially decreased by treatment
with a ROCK or actomyosin inhibitor.
Similarly, when the Phase 4 NR (low
pMLC) and RPE (high pMLC) tissues
are compared, the mechanical rigidity
ismuchhigherintheRPEthanintheNR
(Fig. 3), and inhibitor experiments
showedthatthisdifferenceisdependent
on ROCK and actomyosin activity [28].
In addition, the apical constriction of
the hinge epithelium, which results in
the wedge-shaped morphology, does
not appear in the presence of ROCK
and myosin inhibitors.
Theseﬁndingsdemonstrateacritical
role for the spatiotemporal regulation of
the ROCK/myosin-dependent microﬁla-
ment system in the self-driven invagina-
tion morphogenesis. Indeed, when the
culture is treated with the ROCK inhibi-
tor Y27632 or the myosin inhibitor
Blebbistatin before Phase 4, neither
allows the invagination of the NR.
Incontrast,theeffectofY27632treat-
ment is qualitatively different when it is
started after the hinge is formed, and
ROCK inhibition does not strongly block
the progression of the NR invagination
during Phase 4. Instead, treatment with
themitoticinhibitoraphidicolinstrongly
attenuatestheinvagination atthisstage.
During Phases 3-4, the entire NR and the
distal RPE greatly expand in area (tan-
gential expansion) in conjugation with
rapid cell proliferation. Such robust pro-
liferation can cause compression in the
tangential direction within these epithe-
lia. Consistent with this idea, micro-
scopic tangential compression is
observed in a cell ablation assay using
a 3D-pinpointed multi-photon laser
beam [28, 45]. The laser-ablated space
in the Phase 4 NR and RPE is quickly
ﬁlled in by lateral compression, whereas
a gap created in Phase 1 epithelium
remains open and even expands after
ablation.
Figure 2. Self-organizing eye-cup formation
from ESC aggregates. A: The SFEBq culture
is started by the quick reaggregation of
3,000 mouse ES cells in a culture well.
B: The SFEBq aggregate in retinal differen-
tiation culture undergoes epithelialization,
and parts of the epithelia start expressing
the retinal marker Rx. The retinal epithelium,
as in vivo, then evaginates to form a vesicle.
The distal portion of the vesicle sub-
sequently invaginates, resulting in formation
of the optic-cup structure. C: Example of
ESC-derived optic cups. Green, Rx::GFP for
retinal marking. The aggregate has four
optic cups formed on its surface, and each
cup has an inner NR wall (Chx10
þ) and an
outer RPE wall. In extended culture, the for-
mer becomes a fully stratiﬁed NR tissue,
while the latter becomes pigmented like
the RPE.
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model for NR invagination
Based on these domain- and phase-
speciﬁc changes in tissue properties, a
hypothetical model was proposed to
explain the self-driven morphogenesis
occurring during optic-cup formation
from the ESC-derived optic vesicle [28].
In this hypothesis, namely the ‘‘relaxa-
tion-expansion’’ model, three sequen-
tial local rules for changes in tissue
properties (Fig. 3, bottom) are applied
to drive the directed invagination move-
ment of the NR epithelium during
Phases 2-4.
As the initial condition, the evagi-
nated optic vesicle at Phase 1 is con-
sidered to possess an even distribution
of substantial tension within the epi-
thelium regardless of its distal or prox-
imal position. The pMLC accumulation
is particularly high in the apical micro-
ﬁlament bundles; this conceivably con-
tributes to the apically concave
curvature of the Phase 1 vesicle by pro-
moting a preferential narrowing (mod-
erate) on the apical side.
As the ﬁrst local rule for invagina-
tion, a substantial mechanical relaxa-
tion occurs in the distal retinal
epithelium (presumptive NR) from
Phase 2 and onwards because of the
reduction in pMLC levels. This makes
the invaginating NR epithelium more
ﬂexible than the RPE.
The second rule is based on the
observed change in cell morphology;
i.e. the strong apical constriction of
the hinge epithelium at Phase 3. This
causes the hinge cells to have an api-
cally narrow wedge shape, and contrib-
utes to a slight apical (inward) bending
of the NR epithelium at this stage.
The third rule is the tangential
expansion of the NR during the late
phases of eye-cup morphogenesis.
During Phases 3-4, substantial cell pro-
liferation in the NR and RPE causes their
tangential expansion and generates
some compression within the tissues.
Whereas the expansion of the mechan-
ically rigid RPE simply contributes to
the distal extension of the outer wall
of the cup, the area expansion of the
ﬂexible Phase 4 NR in a limited space is
not a mechanically easy task, given that
the less-yielding shell of RPE prevents
the NR from undergoing its ﬂat expan-
sion. In this situation, the NR expansion
causes strong buckling of the tissue,
leading to invagination.
In the developing embryo, there are
various tissues that undergo invagina-
tion. However, most of the invagination
movementsoccurinanapicallyconcave
manner (e.g. neural-tube closure,
lens invagination, and ﬂy gastrulation)
[46–49]. Unlike these situations, the NR
invagination proceeds with its apical
side convex [28]. The low-pMLC context
of the Phase 4 NR is probably an import-
Figure 3. Four phases of invagination
morphogenesis. Four phases of early retinal
morphogenesis. A spherical vesicle (Phase
1) becomes patterned into presumptive RPE
and NR along the proximal-distal axis, partly
by inductive signals from non-retinal brain
tissue, including canonical Wnt signals. The
presumptive NR, located distally, down-
regulates the level of pMLC and becomes
morphologically ﬂattened (Phase 2).
Subsequently, the boundary epithelium
between the NR and RPE domains (hinge)
undergoes strong apical constriction and
transforms into a wedge shape (Phase 3).
Lastly, the NR substantially expands tangen-
tially by rapid cell proliferation. The mechan-
ically ﬂexible NR surrounded by the rigid
RPE shell bends inwards (invagination) in an
apically convex fashion (Phase 4). Three loc-
al rules of tissue property changes are
shown at the bottom.
.....Insights & Perspectives M. Eiraku et al.
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convex invagination, considering that
strong tension in the apical microﬁla-
ment bundle, if present, could resist
the apical expansion. However, mech-
anical ﬂexibility alone cannot account
for the direction of the NR curve,
because, in theory, the ﬂexible tissue
can bend in either direction, convex
(invaginating) or concave (evaginating).
This raises the important question of
whether the apically convex curvature
is an intrinsic NR property. However,
this does not seem to be the case with
mouse ESC-derived NR, because the NR
tissue generated from an isolated Phase
1 vesicle bends in an apically concave
manner but develops normally in other
respects [28]. Therefore, in this current
relaxation-expansion model, a small
inward-bending bias is introduced as a
result of the second rule, although
whether the apical hinge constriction
is an active or passive process still
remains to be solved at present.
Computer simulation as a
proof-of-concept test
The relaxation-expansion model for NR
invagination is consistent with the
changes in regional tissue properties
and can explain key mechanistic
aspects of this unique tissue defor-
mation with a few simple local rules
applied sequentially. Then, can the
three local rules of this model be sufﬁ-
cient to cause optic-cup morphogenesis
in the ESC-derived retinal epithelium?
Toaddressthisquestion,acomputer
simulation was performed as a proof-of-
concept test, by virtually applying these
local rules to a spring-based vertex
model [28]. In this model, to reduce
the geometric complexity, the optic
cup structure is numerically demon-
strated under the axisymmetric con-
dition using a two-dimensional (2D)
continuum model (Fig. 4A). The 2D
model of epithelium consisting of
multiplecellsalongthetangentialdirec-
tion is discretized into quadrilateral
elements expressed by their vertex coor-
dinates (100 vertices for the apical and
basal surface, respectively, along the
proximal-distal axis per half dome of
the optic vesicle in a section). The ver-
tices are connected by apical, basal, and
transmural springs (Fig. 4A).
By solving the equation of motion under
the overdamped condition (where the
effect of acceleration is neglected):
h
dri
dt ¼ @U
@ri (h, virtual viscosity of
the system; proposed by Honda et al.
[50, 51]), the motions of vertices (dri=dt,
velocity vector) are determined to min-
imize the local potential energy of the
system U, which is the sum of the poten-
tials for elastic strain of the springs,
volumetric change of the elements,
and resistance to tangential distortion
of the elements.
Initially (before optic-vesicle evagi-
nation; Phase 0), to form an apically
concave curvature of the epithelium,
the natural length of the apical spring
is 14% shorter than that of the basal
spring while their spring constants are
the same (the transmural spring is
10times longerand softer than the basal
spring). At Phase 1, the apical spring in
the retinal epithelium is further short-
ened by 10% (as compared to Phase 0)
for ﬁtting to a larger curvature of the
optic vesicle. While the morphogenesis
proceeds during Phases 1-4, these
natural lengths and elastic constants
are dynamically controlled in a domain-
and phase-speciﬁc manner as described
below. In addition, deformation of the
epithelium generated by the hoop
stress, which comes from the three-
dimensionality of the vesicle, is taken
into account by applying apparent force
to each vertex in the radial direction.
To this virtual spring model of
retinal epithelium, the three sequential
changes in local rules are applied
(Fig. 4B):
(i) relaxation of the presumptive NR
beginning at Phase 2, by gradually
releasing the elastic strain energy
storedinthetangentialelementson
the apical and basal surfaces
Figure 4. Computer simulation of the relaxation-expansion model. A: The spring-based ver-
tex model used to simulate retinal epithelial morphogenesis according to the relaxation-
expansion model. The retinal epithelium (optic vesicle) and neighboring non-retinal neuroepi-
thelium at Phase 1 are considered. For this vesicular epithelium, 100 vertices are assigned
per half dome on both the basal and apical surfaces, and neighboring vertices are connected
by elastic springs in the tangential and transmural directions. The overdamped condition is
assumed for the equation of motion, which determines the motion of each vertex to minimize
the potentials for elastic energy, volumetric constraint, and element deformation in the trans-
mural direction. ri, position vector of vertex i. The energy Ue is elastic strain energy of the
springs expressed as Ue ¼
P 1
2ka
e la   la
eq
   2
, where l
a is the length of element side, la
eq is its
natural length at the stress-free state, and ka
e is the elastic constant for a ¼ a (apical), b
(basal), t (transmural). The energy Uv is for local volumetric change of the elements expressed
as Uv ¼
P 1
2kv V   Veq
   2;@ where V is the element volume, Veq is the equilibrium element
volume, and kv is the volumetric elastic constant. The energy Us is introduced to express the
resistance to the distortion of the elements (the ‘‘self-righting’’ effect), as
Us ¼
P 1
2ks 1   cos ua
1   ua
2
     
; where ua
1 and ua
2 are the angles of element corners for a ¼ a
(apical), b (basal), and ks is the elastic constant. B: Example of the 2D (pseudo 3D) simulation
of epithelial deformation according to the three local rules.
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lengths); in addition, from the
end of Phase 2 to Phase 3, the
spring constants of the apical and
basal springs in the NR region are
gradually decreased down to 25%
of Phase 0 in a linear fashion and
kept low during invagination;
(ii) apical narrowing (constriction) in
the hinge epithelium at Phase 3,
by reducing the natural length of
the apical spring there (down to
10% of Phase 0) and increasing
the elastic constant (by 10-folds);
(iii) rapid tangential growth of the NR
and the RPE (distal half) tissues
during Phase 4, by linearly increas-
ing the size (natural length and
equilibrium volume) of the
elements in the corresponding
directions.
Notably, the sequential application of
these simple procedures can mimic
the tissue deformation of the NR during
invagination morphogenesis (Fig. 4B);
the NR spontaneously involutes inside
the RPE shell as seen at Phase 4, follow-
ing the NR ﬂattening at Phase 2 and the
hinge formation at Phase 3 [28]. Thus,
this in silico model conceptually sup-
ports the feasibility of cup morphogen-
esis driven by internal rules in the
absence of external forces. The three
local rules are necessary for the simu-
lation to generate the proper cup for-
mation. For instance, when rules 1
and 2 are omitted, the NR evaginates,
instead of invaginating, in the simu-
lation. In culture, a perturbation of
the microﬁlament system at Phases 2-3
also blocks the NR invagination [28].
Remaining mechanistic
questions and alternative
interpretations
Whereas the current relaxation-expan-
sion model is based upon the obser-
vations of three local changes in
morphology, rigidity, and growth at
the cell and tissue levels, it does not
addresshowtheselocaltissuebehaviors
are strictly controlled in a spontaneous
fashion. For instance, it is unknown
why the cells at the hinge region
undergo strong apical constriction at
Phase 3, or how the pMLC level
decreases at Phase 2 speciﬁcally in the
NR epithelium. To understand the
domain- and phase-speciﬁc organiz-
ation of the local rules, it will be import-
ant to combine the current tissue-level
‘‘relaxation-expansion’’ model with
some underlying molecular-level
models, in particular, for cytoskeleton
regulations.
The essence of the relaxation-expan-
sion model is that ﬂexible NR epi-
thelium, driven by its own expansion,
buckles inside the shell of rigid (less
yielding) RPE. In this case, the direction
of bucking is given by a minor bias for
inwardcurvinginNRattheendofPhase
3.Basedonthemorphologicalchangein
3D live imaging, the current relaxation-
expansion model postulates that the
strong apical constriction of the hinge
promotes this small bias for apical-
directed NR infolding. However, the
model still has a relative arbitrariness
in the explanation of the curving direc-
tion, since more than one mechanism
could be still considered for the cause.
For instance, in theory, a similar inward
bias may also be generated by biased
apical expansion and/or basal constric-
tion of NR epithelium [52–54], while
some resistance of NR’s basement mem-
brane to tangential expansion also
favors apically convex curving. So far,
exact contributions of these alternative
mechanisms to the in vitro self-
formation remains elusive. For instance,
although basal constriction of NR epi-
thelium hasbeen shown to contribute to
the formation of ﬁsh optic cups [54], an
obvious accumulation of actomyosin or
pMLC2 is not observed on the basal side
in the ESC-derived NR, while ROCK
inhibitor applied during Phase 4 does
not have strong effects on its invagina-
tion [28]. On the other hand, biased
apical expansion may be caused, in
theory, by preferential apical accumu-
lation of cell bodies or higher mechan-
ical compliance on the apical side, both
of which are intriguing topics for future
investigation.
Regarding the infolding dynamics of
NR, another intriguing observation was
reported in ﬁsh optic-cup formation; a
portion of nasal NR epithelia undergoes
compaction, while the temporal portion
of the outer epithelium ingresses over
the hinge into the inner cup to contrib-
ute to the formation of temporal NR [55].
Such a ﬂow of cell migration and com-
paction was not found during the optic-
cup formation from ESCs [28]. The issue
of the mechanistic conservation and
diversity across species should certainly
await further in vivo studies.
Possible improvements
in quantitative and
mathematical aspects
of the model
Regarding quantitative and mathemat-
ical aspects, further efforts for improve-
ments may be necessary to overcome
several limitations of the current model.
First, the current model is mostly based
on qualitative or semi-quantitative data,
and the same is true for its computer
simulation. It could be enough for the
proof of concept to support the theoreti-
cal feasibility of spontaneous cup defor-
mation without external forces.
However, for high-precision simulation,
it will be important to include quantitat-
ive parameters such as real elasticity
constants in the apical, basal, and trans-
mural directions, as well as the exact
numbers and sizes of cells. Second,
the current model does not take the
plastic nature of NR (found in ref. [28])
into consideration. In the ESC-derived
optic cup, the RPE and hinge regions
are elastic and evert by residual stress
when the cup is excised by cutting at the
proximal RPE. In contrast, NR epi-
thelium is plastic and does not change
its shape upon excision, suggesting that
residual stress (expected from micro-
scopic compression by proliferation) is
relatively rapidly released within the tis-
sue when seen at the macroscopic level.
The mechanism for it (e.g. microscopic
cell rearrangement) and its mathemat-
ical expression are important questions
to be addressed. Another weakness of
the current simulation is its assumption
of the axisymmetric condition for the
optic cup to reduce the structural com-
plexity into the 2D (or pseudo-3D) con-
text; 3D mechanical modeling should be
more suitable for understanding more
real and complex mechanics. Lastly,
the model does not involve mechanical
properties of the basement membrane or
its effects on NR invagination.
In addition, to mathematically treat
these complex aspects of deformation in
a strict manner, it may be also necessary
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sto consider several intricate issues as
exempliﬁed below:
(i) Local stress-free reference conﬁgur-
ationsandstatisticalindeterminacy
in tissue with their spatial
inhomogeneity.
(ii) Nonlinearities in tissue mechanical
properties andgeometrical changes
due to large deformation.
(iii) History-dependent control of tissue
viscosity properties.
(iv) Mechanical feedback to the
morphogenesis (for instance, local
growth rates and/or actomyosin
activity might be a nonlinear func-
tion of stress and strain).
(v) Precise addition and deletion of
material points (e.g. by cell division
and apoptosis).
(vi) Positive involvement of noise to
overcome local energy barriers.
Because of this complex mixture of
nonlinearities (including bifurcations),
establishing the evolution equations
for tissue volume, geometries, proper-
ties, and stress-free conﬁgurations is a
demanding matter. However, we
believe that this difﬁcult task is worth
the effort in the long run at least for
the optic-cup morphogenesis, particu-
larly because the simple self-organiz-
ation system from ES cells, which
includes a relatively limited number of
elements as compared to the in vivo eye,
has becomes available for in vitro
analysis.
Conclusions and
perspectives
In this paper, we have discussed a
model for the unexpected self-organiz-
ing nature of optic-cup formation. The
self-organization mechanism is sufﬁ-
cient for optic-cup development in vitro,
and the high reproducibility of the tis-
sue pattern and structure [56] strongly
argues against it being an in vitro
artifact.
Nonetheless, we do not wish to
claim that the self-organizing mechan-
ism is the only one that functions for in
vivo retinogenesis. The high order of
robustness necessary for the in vivo
generation of a precise organ such as
the eye can presumably be achieved by
linking multiple principles in combi-
nation. For instance, it is likely that
optic-cup invagination is regulated
more strictly in space and time if it
has the double assurance of optic-cup
self-organization and the spatial con-
straints of lens invagination [15]. This
is an intriguing topic in future
investigation.
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